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Length Dependence of Activation (LDA) Studies in Mice Deficient in the
N2B Element of Titin
Eun-Jeong Lee, Michael Gotthardt, Joshua Nedrud, Bryan Hudson,
Peter Schemmel, HsiaoMan Hsu, Thomas Irving, Henk Granzier.
The increase in Ca2þ sensitivity that occurs when sarcomere length (SL) is in-
creased (LDA), is considered the cellular basis of the Frank-Starling law of
the heart. Recent findings show increased LDA in a mouse model in which the
N2B spring element has been excised (N2B KO) (Lee et al., 2010). Here we in-
vestigated LDA in the presence of 3% Dextran (Dex), the effect of PKA phos-
phorylation on LDA, and structural changes of myofilaments by using low-
angleX-ray diffraction. Fiber bundles of skinned papillarymuscle from left ven-
tricular of N2B KO andWTmice were used. The passive tension, SL and X-ray
diffraction patterns were collected at various SLs from 1.95 to 2.3mm. From X-
ray diffraction patterns, myofilament lattice spacing (LS; d10) and the position of
the myosin head relative to the thin filaments (intensity ratio; I11/I10) were ob-
tained. We also performed mechanical studies to characterize Ca2þ sensitivity
and LDA. For X-ray diffraction study, d10 was significantly decreased with SL
regardless of genotype and Dex (p-values<.05). The slope of this negative cor-
relation was greater in KO compared to WT, however, statistical significance
was found only in Dex (p<.01). Passive tension at SL 2.3mm was correlated
with changes in d10 (p<.01) in KO andWT mice. I11/I10 was decreased propor-
tionally to SL, however, no significant difference was found on the slope of cor-
relation between genotype. Significantly greater LDA was observed in KO
compared to WT (0.16 and 0.07, respectively; p<.01) in Dex. PKA phosphory-
lation increasedLDA in bothKOandWTmice by 0.12 inDex and 0.06 in normal
solutions, on average. These results indicate that in N2BKOmyocardium, LDA
is increased more than in WT and that d10 is decreased but not I11/I10.
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Quantification of Titin Based Viscosity: Temperature, Lattice Compres-
sion and Integrative Physiology
Charles S. Chung, Methajit Methawasin, O Lynne Nelson,
Michael Gotthardt, Henk L. Granzier.
Viscosity is proposed to modulate diastolic function, but there is only limited
understanding of the source(s) of viscosity. In-vitro experiments have shown
that the proline-glutamic acid-valine-lysine (PEVK) rich element of titin binds
actin, causing a viscous force in the sarcomere. It is unknown whether this
mechanism contributes to viscosity in-vivo. Therefore, we sought to test, via
an integrative physiological study on a unique PEVK-knockout (KO) mouse,
the hypothesis that PEVK-actin interaction causes significant cardiac viscosity
and is important in-vivo.
METHODS AND RESULTS: Both skinned cardiomyocytes and papillary
muscle fibers were isolated from wildtype (WT) and PEVK KO mice and vis-
cosity was examined using stretch-hold-release and sinusoidal analysis. We
previously found that viscosity is reduced by ~60% in KO myocytes and
~50% muscle fibers at room temperature (24oC). Inhibition by blebbistatin re-
veals that actomyosin interaction is not present at room temperature but con-
tributes to viscosity at physiologic temperature (37oC). We also examined
the passive contribution of lattice compression and temperature while inhibit-
ing actomyosin interactions with blebbistatin. Lattice compression using the
osmotic agent Dextran T500 enhances viscosity in WT but not KO tissues
but increasing temperature alone does not significantly increase viscosity.
We also studied intact isolated hearts via a Langendorff perfused volume-
controlled system. Stretch-hold protocols and sinusoidal frequency protocols
indicated that KO hearts have a ~30% reduction in viscosity. Finally, transmi-
tral Doppler echocardiography and kinematic modeling was utilized to examine
left ventricular viscosity in-vivo. Quantifying viscosity with both traditional
and kinematic echocardiographic measurements suggest a ~40% decrease in
viscosity in the KO left ventricle.
CONCLUSIONS: This integrative study is the first to quantify the conse-
quences of a specific molecular (PEVK-actin) viscosity in-vivo and physiologic
modulation of this passive viscosity by lattice spacing.
2468-Pos Board B454
Comparison of Human and Mouse Recombinant Titin N2B Fragment as
a Substrate for PKA and PKG
Carlos G. Hidalgo, Bryan D. Hudson, Julius Bogomolovas, Alexander Gash,
Siegfried Labeit, Henk L. Granzier.
Phosphorylation of cardiac titin spring elements by serine/threonine (S/T) pro-
tein kinases affects the diastolic function of the heart. The detection and iden-
tification of these phosphorylation sites in different species is critical to our
understanding of this important biological process. b-adrenergic and cGMP ac-
tivation of PKA and PKG, respectively, plays critical roles in the functional
regulation of the heart and cardiovascular system; the PKA/PKG target domainis the N2B spring element. The current aim is to determine differences in N2B
phosphorylation between mouse and human using autoradiography and mass
spectrometry. For autoradiography, mouse and human N2B recombinant frag-
ments were incubated with PKA or PKG, separated by SDS-PAGE (4-20% gra-
dient), and Coomassie blue stained. Autoradiography results indicate that
human N2B is a stronger substrate for PKA and PKG than mouse N2B. To un-
derstand the molecular basis of these differences we carried out alignment anal-
ysis of human and mouse N2B sequences (53% homology) and determined
phosphorylation sites of the human N2B byMS. For mass spectrometry, the hu-
man N2B protein band was excised, digested with trypsin, and the products an-
alyzed by nano-LC-MS/MS. The MS analysis of human N2B detected 10
residues phosphorylated by PKA (2S/8T) and 7 by PKG (6S/1T). Comparing
MS data alignment of the mouse and human N2B sequences showed that mouse
N2B has less possible phosphorylation sites for PKA/PKG compared to human
N2B; only S478, phosphorylated by both PKA and PKG in human, is present in
mouse N2B. Also, S348 in human is substituted by a T in mouse. In conclusion,
the data suggests that b-adrenergic and cGMP activation may be evolutionarily
less important in mouse heart function than in human.
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Characterization of Titin Following Transverse Aortic Constriction
in Mice
Bryan D. Hudson, Elaine Buckholtz, Henk L. Granzier.
Heart Failure is characterized by an impaired ability of the left ventricle to fill or
eject blood and is typically accompaniedwith cardiac hypertrophy. Furthermore,
sustained cardiac hypertrophy transitions into maladaptive hypertrophy, with
left ventricular dilation, decrease contractile properties, increased myocardial
stiffness (through alterations in titin and collagen), and reduced cardiac output.
The current aim was to investigate alterations in heart function, titin isoform
shifts, and myocardial stiffness following transverse aortic constriction-
induced heart failure inmouse. Echocardiology showed increased aortic velocity
(0.5 vs 4.5m/s), diastolic (55 vs 90ul) and systolic (20 vs 53ul) ventricular vol-
ume, LV mass (133 vs 220mg) and decreased ejection fraction (65% vs 35%)
andmitral valve deceleration time (23 vs 18ms) (indicating a significant increase
in myocardial stiffness). Additionally, E/A ratios dramatically increased from
1.5 to 5, signifying extensive heart failure. In order to further characterize myo-
cardial stiffness, skinned LV muscle bundle fibers were mechanically stretched
and titin and collagen forces were measured. At sarcomere length 2.15, data
showed an increase in total passive tension (35%), total collagen force
(120%), and total titin force (15%). Protein gels were ran to help identify the
source of increased titin tension. Gels showed an increase in the long N2BA
as related to the shortN2B titin isoform (0.20 vs 0.37) indicating that titin passive
tension should actually decrease, not increase. However, western blots using
phospho-specific antibodies for titin’s S11878 and S12022 (phosphorylated by
PKCa resulting in increased passive tension) indicate a 2.5 fold increase in phos-
phorylation in the end-stage heart failure mice. In conclusion, TAC-induced
heart failure in mice resulted in an increased diastolic stiffness partially through
PKCa phosphorylation-mediated increases in titin-based tension.
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The Role of Titin’s N2B Element in Limiting Energy Loss of Mouse
Myocardium During Repeated Loading Cycles
Joshua Nedrud, Michael Gotthardt, Henk Granzier.
Utilizing a N2B knockout (KO) mouse model in which the exon that encodes
the cardiac-specific N2B element (exon 49) has been deleted, we investigated
the mechanical role of the N2B element, one of the three extensible regions of
titin. It has been proposed that the extensibility provided by the N2B element
limits unfolding of titin’s Ig domains that reside in series with the N2B element,
thereby reducing energy loss during stretch and shortening (i.e., during diastole
and systole) cycles of the beating heart. We were able to show significant in-
creases in hysteresis, a measure of energy loss determined from the area be-
tween the stretch and release force-SL curves, through triangular stretch/
release protocols using a range of velocities (10, 100 and 1000 % /s) and three
amplitudes (0.2, 0.3, and 0.4 mm/sarcomere). In order to more closely simulate
physiological conditions, triangular stretch/release traces were concatenated in
excess of 1000 cycles to properly precondition the tissue. Results showed that
hysteresis decayed over preconditioning cycles (30% of initial hysteresis at 200
preconditioning cycles) but held the significance increase in KO compared to
wildtype (WT) mice. (Hysteresis was 650590pJ/mm2/sarcomere vs.
300550pJ/mm2/sarcomere, p<0.005, at 200 preconditioning cycles) Using
skinned muscle fibers, it is known that they exhibit expanded sarcomere lattice
spacing, in order to eliminate this difference we ran this preconditioning pro-
tocol in 3% dextran at 37.5oC. Returning the lattice spacing to physiological
conditions increased the amount of hysteresis in both WT and KO mice, this
increase was concentration dependent though. At 3% dextran the KO held
456a Tuesday, March 8, 2011a significant increase in hysteresis over WT tissue (12295174pJ/mm2/sarco-
mere vs. 572565pJ/mm2/sarcomere, p<0.05, at 200 preconditioning cycles).
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The FHCMutation D166V in the Cardiac Muscle Regulatory Light-Chain
Causes Both a Diastolic and Systolic Dysfunction inMouse CardiacMuscle
Performance
W. Glenn L. Kerrick, Yuanyuan Xu, Priya Muthu, Katarzyna Kazmierczak,
Danuta Szczesna-Cordary.
Previously we showed that the D166V (aspartic acid to valine) mutation in the
myosin regulatory light-chain (RLC), implicated in familial hypertrophic car-
diomyopathy, was associated with a decrease in the rate that force-generating
cross-bridges dissociate (g) and an increased Ca2þ sensitivity of Ca2þ activated
skinned fiber force and ATPase (Kerrick et al. FASEB J. 2009, 23:855-65).
Here, we tested the hypothesis that the previous findings most likely manifested
a diastolic dysfunction of the mutated myocardium. Transgenic intact papillary
muscle fibers from D166V and WT mice were stimulated to contract at differ-
ent frequencies, and force and intracellular Ca2þ were measured simulta-
neously. Results showed that as frequency of stimulation increased, the end-
twitch force increased greatly in transgenic D166V papillary muscles compared
to WT, demonstrating diastolic dysfunction. The end-twitch intracellular Ca2þ
increased similarly with increasing frequency in both D166V and WT mice, as
expected. However, it was found that the twitch force in D166V muscles ini-
tially increased and then decreased with increasing frequency of stimulation
as did the amplitude of the intracellular Ca2þ transient, a possible explanation
for why force amplitude decreased at higher frequencies. Another explanation
for a decrease in force at high contraction frequencies is that RLC phosphory-
lation, activated by the increasing levels of diastolic Ca2þ, may affect force dif-
ferently in D166V (lowers force) than in WT muscles. In contrast to D166V,
WT papillary muscle twitch force increased linearly over the same range of fre-
quencies studied reaching a maximum force far exceeding that of D166V mus-
cles. In summary the FHC D166V-RLC mutation of cardiac muscle would be
expected to cause both a diastolic and systolic dysfunction in cardiac muscle
performance. Supported by AHA 10GRNT4450042(WGK) and
10POST3420009(PM), and NIH-HL090786(DSC).
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Length Dependent Activation Develops Virtually Instantaneously (<5MS)
in Guinea Pig Myocardium
Ryan D. Mateja, Pieter P. de Tombe.
Myofilament length dependent activation (LDA) is a universal property of stri-
ated muscle. The molecular mechanisms that underlie LDA are poorly under-
stood. Additionally, the rate at which LDA appears following a change in
sarcomere length (SL) is unknown. Accordingly, we compared sub-maximal
activation (pCa 5.7;~60%Fo) at steady state SL to sub-maximal activation fol-
lowing a rapid stretch to the same SL. Isolated skinned guinea-pig myofibrils
were attached to glass micro-tools positioned on the stage of an inverted micro-
scope (15C); one probe functioned as a force cantilever, while the other probe
was attached to a rapid displacement generator; a Ca2þ pulse was applied by
rapid translation of a double-barreled perfusion pipette (de Tombe, AJP, 2007).
Activations were performed at SL=2.3mm (steady state), or after a rapid (5ms)
stretch from SL=2.0mm. Steady state active force (62þ2.8%) was similar to
rapid stretch force (61þ2.7%, respectively). Activation kinetics, measured as
the time it takes for force to reach 50% of steady state force (T50), were also
similar between steady state and rapid stretch (0.88þ0.03s and 0.86þ0.4s, re-
spectively). Our data suggests that the transduction of the ‘‘length signal’’ in
guinea-pig cardiac myofibrils occurs within 5 ms.
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Length Dependence of Force Generation in Porcine Cardiac Myocytes
Laurin M. Hanft, Craig A. Emter, Kerry S. McDonald.
Ventricular ejection is determined ultimately by three myofibrillar properties,
force developed, rate of force development, and rate of loaded shortening (i.e.
myocyte power output). We investigated the length dependence of these me-
chanical properties in porcine cardiacmyocytes. For these studies, transmural bi-
opsies were obtained from the left ventricular free wall of pig hearts and
permeabilized myocytes were prepared by mechanical disruption. Cardiac my-
ocyte preparations were mounted between a force transducer andmotor and cal-
cium activated to yield ~55% maximal force after which isometric force was
measured over a range of sarcomere lengths monitored by an IonOptix SarLen
system. Porcine myocyte preparations exhibited two populations of length-
tension relationships. The slope constants were 1.525 5 0.162 and 1.054 5
0.102 for the two populations. Moreover, myocytes with shallow length-
tension relationships displayed a more curvilinear length-tension relationships
following protein kinaseA (PKA) treatment, whereby less relative force was ob-
tained at sarcomere lengths between ~2.20 to 1.80 um.We also measured sarco-mere length-ktrrelationships and observed that ktr progressively increased as
sarcomere lengthwas shortened from~2.25 mm to ~1.50mm; yielding a relation-
ship very similar to slow-twitch skeletal muscle fibers. Last, we observed that
loaded shortening and peak normalized power output was similar at ~2.30 mm
and ~1.90 mm even during activations with the same [Ca2þ], implicating a myo-
fibrillar mechanism that tends to sustain myocyte power generating capacity at
lower pre-loads. Overall, these findings indicate porcine cardiac myocytes ex-
hibit bimodal length-tension relationships and sarcomere length appears a dom-
inant modulator of force development rates and loaded shortening, observations
that are qualitative similar to those of rat cardiac myocytes. The bimodal distri-
bution of cardiac myocyte length-tension relationships may be an important
modulator for controlling Frank-Starling relationships in mammalian hearts.
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Zinc-EnhancedMyofilament Performance is Independent of Direct Effects
on Myosin or on Thin Filament Regulatory Proteins
Ting Yi, Yaser Cheema, Peter VanBuren, Brad Palmer.
We examined the role of zinc ion (Zn2þ) in modulating cardiac myofilament
performance in vitro. Myocardial strips were dissected frommouse left ventric-
ular papillary muscle, skinned with 1% Triton detergent and loaded between
a force transducer and length motor. Strips were calcium activated (pCa 4.8)
with a solution containing 5 mM MgATP, 35 mM phosphocreatine and 300
U/mL rabbit skeletal creatine kinase at 27C and pH 7. As Zn2þ concentration
was increased from 0 to 402 nM, isometric force was significantly reduced
(p<0.05) from 18.951.0 to 14.350.9 mN.mm2, and myosin crossbridge
time-on, detected by length perturbation analysis, was reduced from 3.850.2
to 2.650.3 ms. The force-velocity relation demonstrated Zn2þ-enhanced veloc-
ity of loaded shortening and maximum power production by as much as 20%. In
the in vitro motility assay, Zn2þ did not alter the velocity of regulated thin fila-
ments at maximal calcium activation. Results from themyocardial strips suggest
that myosin crossbridge kinetics are enhanced in the presence of Zn2þ, but re-
sults from the motility assay suggest that Zn2þ has no direct effect on the func-
tions of regulated thin filament or myosin. Using a Zn-65 binding assay we
found that zinc bound to actin with high affinity, but did not bind to any of
the troponin subunits or tropomyosin. Zinc also binds to myosin S1 and myosin
regulatory light chain but with relatively low affinity. Importantly, creatine ki-
nase demonstrated an overwhelmingly high affinity for zinc. Data from our
myofilament assay could be explained by zinc enhanced myosin crossbridge ki-
netics due to an upregulation of creatine kinase activity by Zn2þ. We are cur-
rently investigating the effects of Zn2þ on creatine kinase activity.
Microtubular Motors II
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Experimental Force-Velocity Relationship for Multiple Motors
Todd Fallesen, Jed Macosko, George Holzwarth.
The relationship between the velocity of one kinesin motor as it works against
an increasing opposing load has been well studied. The relationship between
the velocity of a cargo being moved against an opposing load by multiple ki-
nesin motors is not well established experimentally. A major difficulty in deter-
mining the multiple motors relationship is measuring the number of motors
acting against the load.
We have developed a method for measuring the number of kinesins moving
a microtubule during a gliding assay. When a 4 pN transverse force is applied
to the trailing end of a gliding microtubule, the microtubule detaches one-by-
one from its anchor points. Using video microscopy, we can determine the dis-
tance, d, between the anchor points. We measured d for several values of the
kinesin surface density s. We find that d scales as st(-2/5), as predicted by
the theory of Duke, Holy, and Liebler (1995). From d, we can estimate the num-
ber of motors N on a microtubule of length L: N=L/d.
In separate experiments, we measured the average velocity of a microtubule
gliding anti-parallel to a magnetic force applied to its trailing end. We find
that the average velocity, when scaled by the average number of motors, de-
creases linearly with the force. This suggests that the motors may correlate their
stepping during gliding assays.
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Single Protofilament is Enough to Support Unidirectional Walking of
Cytoplasmic Dynein
Keitaro Shibata, Michi Miura, Yuta Watanabe, Atsuko Nishimura,
Masaki Edamatsu, Yoko Y. Toyoshima.
Cytoplasmic dynein moves on microtubules toward its minus end with 8nm
stepping. Dynein motor domain has a ring structure which consists of six
AAA modules, and the diameter of the ring is 14 nm. This size is so large as
compared with the 8 nm step size, and then question arises whether dynein
can walk on a single protofirament of microtubule or dynein uses multiple
